Abstract-In this paper, we investigate the properties of transmission links amplified by phase-sensitive amplifiers (PSAs). Using an analytic description, we explain the principles enabling improved sensitivity compared to conventional links amplified by phase-insensitive amplifiers (PIAs) and mitigation of nonlinear transmission distortions. We demonstrate these features using numerical simulations, and in particular, we show the possibility of efficiently mitigating both self-phase modulation (SPM)-induced distortions and nonlinear phase noise (NLPN) if the link dispersion map is optimized. The properties of the noise on signal and idler are important and to enable NLPN mitigation, the noise must be correlated at the link input. We investigate the role of the dispersion map in detail and show that in a link with standard single mode fiber (SSMF) the optimum dispersion map for efficient nonlinearity mitigation corresponds to precompensation of an amount equal to the effective loss length. Furthermore, we experimentally demonstrate both improved sensitivity and mitigation of nonlinearities in a 105 km PSA-amplified link transmitting 10 GBd 16-ary quadrature amplitude modulation (16QAM) data. We measure a combined effect allowing for more than 12 dB larger span loss in a PSA-amplified link compared to a conventional PIA-amplified link to reach the same bit error ratio (BER) of 1 × 10 −3 .
the optical signal-to-noise ratio (OSNR), while fiber nonlinearities distort the signal through intra-channel and inter-channel effects. Intra-channel effects include signal-signal interaction resulting in self-phase modulation (SPM) and signal-noise interaction giving rise to nonlinear phase noise (NLPN) [4] . In the case of wavelength division multiplexing (WDM) transmission inter-channel effects will result in cross-phase modulation (XPM), four-wave mixing (FWM), and additional NLPN.
The OSNR degradation due to amplifier noise can be reduced by using low-noise optical amplifiers and for this reason phasesensitive amplifiers (PSAs) have recently attracted much interest [5] . The quantum limited noise figure (NF) of PSAs is 0 dB [6] , which should be compared to conventional phase-insensitive amplifiers (PIAs) such as erbium-doped fiber amplifiers (EDFAs), semiconductor optical amplifier, and Raman amplifiers (RAs) with a 3 dB quantum limited NF [7] . Implemented as inline amplifiers in a transmission link using the so-called copier-PSA scheme, PSAs are predicted to provide up to 6 dB link NF improvement compared to using conventional PIAs [8] .
Several methods have been proposed for mitigating nonlinear transmission distortions such as mid-span optical phase conjugation (OPC) [9] , and digital backward propagation (DBP) [10] . More recently it was shown that nonlinear distortions can also be mitigated by co-propagating two phase-conjugated waves and then coherently superimposing them at the receiver side, either in digital signal processing (DSP) [11] , [12] , or all-optically using a PSA [13] , [14] . PSAs thus have the potential to be used both for sensitivity improvements through low NF amplification and mitigation of nonlinear transmission distortions.
PSAs can be realized using parametric gain in either χ (2) [15], or χ (3) nonlinear materials [16] . In fiber optical parametric amplifiers (FOPAs) phase-sensitive (PS) parametric gain is obtained through FWM where two pump waves (frequency degenerate or nondegenerate) interact with a signal and an idler wave. For the signal and idler the interaction can be modeled in a lumped manner as a coherent addition of the signal and idler, taken at the input to the PSA and shifted to oscillate at the same frequency, with the gain provided by the pump(s).
Depending on how the frequencies of pump(s), signal, and idler waves are chosen, different amplification schemes are possible. In the case of signal and idler being frequency degenerate (the degenerate idler scheme) the signal will experience 0 dB NF amplification in one quadrature and attenuation in the orthogonal quadrature, squeezing the signal phase along the direction of the amplified quadrature [6] . This scheme has successfully been used for amplification and regeneration of binary phaseshift keying (BPSK) signals [17] , [18] . However, the degenerate idler scheme is inherently single-channel, not modulation format independent, and increasingly difficult to implement with advanced modulation formats thus making it unsuitable for transmission link applications aiming for high throughput.
Another possible scheme is the nondegenerate idler scheme (signal and idler at different frequencies). This scheme is capable of multi-channel amplification and, if the idler is a conjugated copy of the signal and the noise on signal and idler is uncorrelated, 0 dB NF amplification, independent of the absolute signal phase. The nondegenerate idler scheme is thus WDMcompatible and capable of providing modulation format independent noiseless amplification. The lowest NF that has been demonstrated at high (> 10 dB) gain in a PSA implemented using a FOPA is 1.1 dB [8] , significantly below the quantum limited 3 dB NF of conventional PIAs. Amplification of multi-level modulation formats, such as 16-ary quadrature amplitude modulation (16QAM), has previously been demonstrated using nondegenerate idler PSA schemes both in periodically poled lithium niobate (PPLN)-based PSAs [19] , and FOPA-based PSAs [20] .
For the PSA gain to be stable over time, the set of waves at the input must be frequency-and phase-locked. Furthermore, to obtain amplification of both signal quadratures in a nondegenerate idler PSA, the idler must be a conjugated copy of the signal. A practical way to obtain a PSA with the required set of waves at the input is to cascade two FOPAs [21] . The signal and high-power pump are launched into the first FOPA whereby a conjugated copy of the signal, frequency-and phase-locked to the signal and pump, will be generated at the idler wavelength through FWM. The second FOPA will then have the required set of waves at its input and operate as a PSA. This scheme is commonly referred to as the copier-PSA scheme.
It has previously been shown independently that PSAamplified transmission links implemented using the copier-PSA scheme are capable of providing both improved sensitivity [22] , and nonlinearity mitigation [13] , [14] . Using 16-ary quadrature amplitude modulation (16QAM) transmission over a 105 km PSA-amplified link, we recently demonstrated experimentally that the combination of improved sensitivity and nonlinearity mitigation provide PSA-amplified links a significant performance advantage over conventional PIA-amplified links, allowing more than 10 dB larger link loss to reach the same bit error ratio (BER) of 1 × 10 −3 [20] . In this paper we extend the work in [20] by explaining the principle behind the sensitivity improvement and nonlinearity mitigation analytically using a transfer matrix description. We also present extensive numerical simulations of a PSA-amplified transmission link demonstrating the sensitivity improvement and nonlinearity mitigation. Through our simulations we investigate and highlight the difference between having correlated and uncorrelated noise on signal and idler at link input. Numerical simulations are also used to study the impact of the link dispersion map on the efficiency of the nonlinearity mitigation. We also briefly discuss what can be expected in terms of sensitivity improvement and nonlinearity mitigation in the case of multi-span links and WDM systems.
The paper is organized as follows. In Section II we introduce a transfer matrix based description of parametric amplifiers and based on this description analytically explain both the principle enabling noiseless amplification, leading to improved sensitivity, and cancellation of nonlinear transmission distortions using PSAs. In Section III we present numerical simulations of a single-span, single-channel PSA-amplified transmission link. In the same section we also investigate how the efficiency of the nonlinearity mitigation depends on the link dispersion map. In Section IV we show experimental results on 16QAM transmission over a 105 km link, illustrating what can be accomplished in terms of sensitivity and nonlinearity mitigation in a practical system. In Section V we discuss our results and finally in Section VI we conclude the paper.
II. THEORY AND PRINCIPLE

A. Transfer Matrix Description
A general two-mode parametric process with signal gain and no pump depletion can be described by the transfer matrix equation [23] 
where A represent the input wave amplitudes, B represent the output wave amplitudes, subscript s denote the signal and i denote the idler, superscript * represent the complex conjugate, and μ and ν are complex transfer coefficients satisfying the relation |μ| 2 − |ν| 2 = 1. The phase of μ and ν is such that the total PSA signal gain is a function of cos(2φ p − φ s − φ i ) where φ p is the pump phase, φ s the signal phase, and φ i the idler phase. The exact form of μ and ν can be found in [24] , but is not important for the analysis presented here. We are contented knowing that they depend on the pump power, the phase-matching, the nonlinear interaction strength, and the polarization state.
To explore the capabilities of the two-mode parametric process we will consider a few different input wave combinations. 
In this case the parametric gain is independent of the input signal phase and the amplifier operates as a PIA. From the output wave expressions we see that signal will be amplified by
and that the output idler will be a conjugated copy of the input signal amplified by |ν| 2 = G PIA − 1. This process is exemplified in Fig. 1(a) with G PIA = 8 and the phase of μ and ν equal to zero.
2) A i = A s : With an idler present at the input the parametric gain will depend on the input signal phase which makes the amplifier operate as a PSA. In practice this requires the interacting waves to be phase-locked in order to obtain stable gain. The case of the idler being a direct copy of the signal (A i = A s ) is interesting since it will lead to squeezing of one signal quadrature. In this case the output waves are
Given that the transfer coefficients add constructively (this can be accomplished by tuning the phase of the interacting waves [24] ) the real part of the input signal will be amplified by
while the imaginary part will be amplified by
This process is illustrated in Fig. 1(b) . Squeezing will also be obtained in the case of A i = −A s , but with the output idler being the conjugate of the output signal. A degenerate idler PSA satisfies the condition A i = A s and will thus give signal squeezing. 
Both signal quadratures will be amplified by
which in the limit of high gain (|μ| ≈ |ν|) gives us G PSA = 4G PIA , or in other words, the PSA gain is 6 dB higher than the PIA gain. This case is illustrated in Fig. 1(c) . If A i = −A * s then both signal quadratures are attenuated.
B. Sensitivity Improvement
Up to this point we have not considered noise accompanying the signal and idler at the input of the amplifier. In the transfer matrix description noise can easily be included by adding a noise term n to the input waves
where n s and n i is the noise associated with the signal and idler, respectively. We will first discuss the case of signal and idler input waves being shot noise limited. This means that the noise accompanying the input waves is uncorrelated vacuum fluctuations. Using a semiclassical model [8] , these fluctuations can be represented by additive Gaussian noise that satisfies n m = 0, n m n l = 0, and |n m | 2 = ω m /2 with m, l ∈ {s, i} [23] . In the general case the output waves are given by
and
The uncorrelated input noise n s and n i will not add coherently, as can be the case for signal and idler, but instead add incoherently and thus experience a gain of
Given that the signal and idler input waves are shot noise limited the output noise will be the same for all cases treated in the previous subsection, i.e. the noise at the PIA output will be the same as at the PSA output. We note that at high gain (|μ| ≈ |ν|) the noise associated with the output signal and idler will be correlated and conjugated. This is of importance for the possibility to mitigate NLPN using PSAs. Based on the signal gain and noise gain for the PIA its NF can be expressed as [24] 
which in the limit of high gain (G PIA 1) takes the value 2 (3 dB). Similarly, the NF for the quadratures amplified by the PSA (both in-phase and quadrature when A i = A * s ) is given by [24] 
which takes the value 1/2 (−3 dB) in the limit of high gain. A two-mode PSA can thus in theory provide 6 dB better sensitivity than a PIA when the input is shot noise limited. However, the improvement comes at the cost of occupying twice the bandwidth (as both signal and idler waves are required at the input) in addition to increased complexity. An alternative approach to calculating the PSA NF is to consider the total power at the PSA input, i.e. the sum of signal and idler power. In this case the NF takes the value 1 (0 dB), as predicted in [6] . We will now briefly discuss the case of input noise at signal and idler being dominated by incoming excess noise, as opposed to vacuum fluctuations for a shot noise limited input. The excess noise could e.g. be spontaneous emission noise from other amplifiers earlier in the system. If the excess noise on signal and idler is uncorrelated, the sensitivity advantage for the PSA over the PIA will be reduced from 6 dB to 3 dB [25] . The reason for this is that the PIA only requires the signal to be present at the input while the PSA requires both signal and idler to be present, coupling twice the amount of noise to the output modes compared to the PIA.
With correlated and conjugated excess noise at the input (n i = n * s ) the noise will be amplified (or attenuated) with the same gain as the signal in the PSA case while in the PIA case there will be no difference compared to having uncorrelated noise since only the noise associated with the signal wave is considered. Correlated and conjugated excess noise at the input will thus reduce the PSA sensitivity advantage by an additional 3 dB, giving the same performance as the PIA but occupying twice the bandwidth. The different cases discussed above are summarized in Table I .
In the PIA-amplified link one could consider sending the same signal at two wavelengths, so that the occupied bandwidth is the same as for the PSA-amplified link. Adding the two waves in the receiver after the PIA would result in a 3 dB sensitivity improvement compared to sending just one signal [22] . To get a sensitivity benefit from using PSAs compared to using PIAs is it thus essential that the input is shot noise limited.
When using the copier-PSA scheme to obtain improved sensitivity in a single-span link it is crucial that there is enough attenuation between the copier and the PSA to attenuate the correlated noise introduced by the copier below the level of the vacuum fluctuations. In a transmission system the link is placed between the copier and the PSA and the loss required for decorrelating the noise is thus provided by the link loss itself. This loss reduces overall link NF. However, since this loss is unavoidable in a transmission system, a copier-PSA system can be used to increase sensitivity without incurring additional penalties in a long (> 50 km) fiber optic link.
C. Nonlinearity Cancellation
In the simplest model, fiber nonlinearities introduce a temporal phase distortion on the signal. This approximation is broadly correct for short optical links carrying quadrature amplitude modulation (QAM) modulated signals of limited complexity (i.e. 16QAM and lower) [26] . In the following section we will therefore consider the case when the signal and idler, satisfying A i = A * s , are rotated by an angle φ before being launched into the PSA. By denoting the waves after the phase rotation by primed variables we have
At the output of the PSA we will in the limit of high gain have
The phase rotation φ will thus be canceled at the cost of reducing the gain by a factor |cos(φ)| 2 . The cancellation process is illustrated in Fig. 2(a) with the gain scaling versus phase rotation plotted in Fig. 2(b) . If the input is shot noise limited the gain scaling will affect the NF which can be expressed as
The PSA NF (only accounting for signal power at the PSA input) versus phase rotation is plotted in Fig. 2(c) . For moderate phase rotations the impact on the NF is small. In particular we note that for phase rotations < 15
• the NF degradation is < 0.3 dB. In a single-channel PSA-amplified transmission link (with signal and idler widely spaced in frequency) intra-channel nonlinearities will dominate the nonlinear distortion. Due to signalsignal interaction the signal and idler will experience a nonlinear phase shift (from SPM) given by
where γ is the nonlinear coefficient and P (t, z) the signal power. This expression can be approximated by
where P is the launch power and L eff is the effective length defined as L eff = [1 − exp(−αL)]/α with α being the fiber attenuation and L the link length. If the phase shift is identical on both signal and idler waves it can be canceled according to the above principle when the waves are launched into the PSA. Although we expect the phase shift to be canceled independent of the degree of rotation there will be some signal degradation and distortion due to dependence of NF and gain on the phase shift. For modulation formats with multiple amplitude levels and large nonlinear phase shifts this might be visible through different levels having different gain and noise performance since φ NL ∝ P . The signal and idler will also be distorted through signalnoise interaction which will introduce NLPN. If the amplitude noise on signal and idler is uncorrelated at the input of the link, the NLPN at the two waves after transmission will also be uncorrelated and thus add incoherently in the PSA. If, on the other hand, the amplitude noise on the two waves is correlated at the input, as can be achieved by generating the waves using a PIA, then also the NLPN will be correlated and cancellation can take place in the PSA analogous to the cancellation of an SPM induced phase shift.
D. Impact of Fiber Dispersion
The mitigation of nonlinearities through coherent summation of the signal and idler waves works best when the induced phase distortions on signal and idler waves are correlated. As such, the source of nonlinear phase distortion is important in the operation of this system. In a single-span, single-channel link, the main source of nonlinear distortions are from signal-signal interaction. This source depends on how the signal evolves as it propagates through the link. The two main effects are attenuation, which limits the length of fiber over which significant nonlinear distortion occurs, and chromatic dispersion. Chromatic dispersion drives inter symbol interference (ISI) on both the signal and idler waves, causing significant changes to the instantaneous power of these waves, resulting in a nonlinearity induced temporal distortion of the waves. However, as the signal and idler waves are phase conjugates, any phase modulated signal carried on these waves will evolve differently, causing uncorrelated nonlinear distortion on signal and idler. The dispersion map of the link thus becomes an important parameter in this system. This effect was noted in [12] , where the signal and conjugate copy were transmitted on orthogonal polarizations in a multi-span link and the coherent superposition calculated in DSP after coherent detection. Assuming a symmetric link gain profile they theoretically found that the optimal dispersion map, leading to cancellation of first-order nonlinear distortions, was a 50% pre-compensation and 50% post-compensation scheme [12] . The transmission link considered in [12] differs from our copier-PSA scheme in two important ways. First, [12] has signal and conjugate waves on two polarizations at the same wavelength, which produces a different non-linear propagation environment to the copier-PSA scheme, where the signal and idler are well separated in wavelength. Second, in [12] , the coherent superposition of waves happens only once at the end of the link, whereas in a copier-PSA this operation happens on a span-byspan basis. Due to these differences, we find that the balanced dispersion map is not optimal for a copier-PSA system [14] , and so a new optimum configuration is sought.
III. NUMERICAL SIMULATIONS
Numerical simulations were carried out to demonstrate the feasibility of improving sensitivity and mitigating intra-channel nonlinearities by coherent superposition. In particular we study the difference between having correlated and uncorrelated noise on the signal and idler. To understand in what systems effective nonlinearity mitigation can be obtained we investigate the impact of the dispersion map and modulation format.
A. System Model
The system model used for demonstrating mitigation of intrachannel nonlinearities and sensitivity improvements is shown in Fig. 3 . A single-polarization 10 GBd 16QAM non-return-tozero (NRZ) signal with 20 samples per symbol was generated using an IQ modulator with 28 GHz bandwidth (emulated by a Gaussian filter). The signal contained 2 23 symbols of random data with conventional Gray coded bit-to-symbol mapping. Noise was added either before splitting and conjugation (the case of correlated noise on signal and idler) or after splitting and conjugation (the case of uncorrelated noise on signal and idler). The OSNR was set to 13 dB by adding additive white Gaussian noise (AWGN) in order to get significant signal-noise interaction in the link. The process of splitting and conjugating mimics the copier in a copier-PSA scheme.
The transmission link consisted of 100 km standard single mode fiber (SSMF) with idealized dispersion compensating fiber (DCF) for dispersion compensation. The requirement for the pre-compensation stage to induce negligible nonlinear distortion could be met by utilizing chirped fiber Bragg gratings for the pre-compensation stage [27] . The link was fully dispersion compensated but the ratio of pre-and post-compensation could be varied. Propagation in the SSMF was modeled by solving a single-polarization nonlinear Schrödinger equation using the split-step Fourier method (SSFM). We include group velocity dispersion, attenuation, and nonlinear phase terms, neglecting Raman scattering and higher order dispersion. Dispersion compensation was done in a single step neglecting attenuation and nonlinearity. We modeled the signal and idler propagation as independent based on the assumption that the signal-idler interaction is negligible in a single-channel system with signal and idler separated by about 8 nm. Initial simulations showed that the dominant effect leading to uncorrelated distortion on signal and idler is the fact that one wave is conjugated, as opposed to signal and idler propagating with different β 2 . In the results presented below we used the same β 2 for signal and idler propagation for simplicity, thus ignoring higher-order dispersion. The SSMF had α = 0.25 dB/km, β 2 = 17.4 ps/(nm · km), and 
The link launch power was taken at point P in indicated in Fig. 3 .
At the receiver end the idler was conjugated and added to the signal. This function is analogous to what a PSA does in the high-gain regime. The idler phase was rotated before begin added to the signal to maximize the optical power after addition, emulating the operation of the phase-locked loop (PLL) in an experimental system [28] . This phase adjustment was constant over all simulated symbols, mimicking the slow (kHz) response of the PLL. Finally, we use typical DSP for 16QAM with an equalizer based on decision directed least-mean square (DD-LMS) where the blind search phase estimation was performed within the DD-LMS loop [29] .
B. Nonlinearity Mitigation and Sensitivity Improvement
In order to obtain optimal nonlinearity mitigation the dispersion map has to be optimized. By performing a parameter sweep of the pre-to post-compensation ratio at high launch power (10 dBm) we found that the optimal dispersion map for our system, transmitting a 10 GBd 16QAM signal over a 100 km long link with α = 0.25 dB/km, is 20% pre-compensation and 80% postcompensation. This dispersion map corresponds to an optimum both in terms of absolute performance for the signal and idler and in terms of the improvement that is obtained by taking the superposition of the signal and the conjugate of the idler.
Simulated constellation diagrams for A s and B s (as defined in Fig. 3 ) with correlated and uncorrelated noise are shown in Fig. 4 . The results for A s were obtained by sending A s straight to the DSP. At low launch power (0 dBm) nonlinear distortions are negligible and the difference between having correlated and uncorrelated noise on the signal and idler at the link input is only seen by a difference in OSNR after superposition. The OSNR for B s is 3 dB higher in the case of having uncorrelated noise compared to the case of having correlated noise. At high launch power (10 dBm) nonlinear distortions are clearly visible on A s in the form of SPM and NLPN. The clockwise rotation of the constellation is caused by the equalizer in the DSP. For B s we clearly see that the SPM induced phase rotation is mitigated both for the case of correlated and uncorrelated noise while the NLPN is only mitigated when having correlated noise. We note that the inner-level points are slightly offset toward the center of the constellation. This effect is caused by the rotation of the idler that was done to emulate the PLL. The phase rotation maximizing the optical power tends to align the outer-and midlevel points at the cost of skewing the inner-level points. Due to the phase rotation dependence of the PSA gain [see Fig. 2(b) ] the inner-level points will experience lower gain than the other points, visible in the constellation as being offset toward the center.
To quantify the benefit from the nonlinearity mitigation and OSNR improvement we calculated the BER for the transmitted data. The BER versus launch power is shown in Fig. 5 . The differences seen in the constellation diagrams are reflected in the BER curves. As the launch power is increased A s is degraded by SPM and NLPN causing a BER degradation. In the linear regime B s with uncorrelated noise shows better performance than both A s and B s with correlated noise due to better OSNR. However, B s with uncorrelated noise is successively degraded due to NLPN as the launch power is increased. B s with correlated noise does not show any significant degradation as launch power is increased.
In Fig. 6 we compare the Q 2 -factor improvement for B s with uncorrelated and correlated noise versus launch power. The Q 2 -factor was calculated from BER using:
For the case of correlated noise there is no improvement in the linear regime which is expected since the noise experiences the same gain as the signal. However, in the nonlinear regime significant improvement is obtained due to cancellation of both SPM and NLPN. Having uncorrelated noise on signal and idler give a clear improvement in the linear regime due to 3 dB higher signal gain than noise gain. In the nonlinear regime the improvement is smaller than for the case of correlated noise since only SPM is mitigated.
The numerical demonstration has shown the possibility of mitigating both SPM induced phase rotation and, given that the signal and idler noise is correlated at the input of the link where the nonlinearities are strong, also NLPN. Furthermore, if the noise is uncorrelated when superimposing the waves at the end of the link a benefit can also be obtained from improved OSNR.
The condition of having correlated noise in the beginning of the link and uncorrelated noise at the end of the link is in principle possible to achieve in a real system using the copier-PSA scheme. The copier will generate correlated noise on signal and idler which will generate correlated NLPN on the two waves. The attenuation from the link then decorrelates the noise on signal and idler, which can also be viewed as coupling in vacuum noise that is uncorrelated on the signal and idler [8] , [16] . This enables an OSNR improvement with respect to operating with a PIA. In a link based on the copier-PSA scheme we therefore expect to see a sensitivity improvement through summing uncorrelated noise while still cancelling correlated SPM and NLPN.
In a single-span link we do not expect significant NLPN due to high OSNR at the beginning of the link. However, in a multi-span link the NLPN can become substantial as the OSNR will degrade for each span. The performance improvement from NLPN cancellation is thus expected to be more important in multispan PSA-amplified links than in single-span PSA-amplified links. Multi-span PSA-amplified links will be discussed briefly in Section V.
C. Dispersion Map Dependence
In order to investigate how the dispersion map impacts the nonlinearity mitigation, and to ascertain the optimal dispersion map as used in the previous section, we performed numerical simulations. We used the same system model (illustrated in Fig. 3 ) and SSFM solver as was used to generate the results presented in the previous section. To highlight the effect of nonlinear distortions from ISI the OSNR was kept high (20 dB) and the effect of superposition was analyzed by comparing the error vector magnitudes (EVMs) of the signal with and without summation with the idler. Although EVM is perhaps not well related to BER in the case of significant phase distortion, it does give a good indication as to the behavior of the copier-PSA system.
We used a 10 GBd quadrature phase-shift keying (QPSK) signal consisting of 1310 symbols with 200 samples per symbol. The SSMF attenuation and length was varied while β 2 = 17 ps/(nm · km) and γ = 1 × 10 −3 (W · km) −1 in all cases. The noise on signal and idler was correlated. Fig. 7 shows the EVM improvement gained by coherent summation versus pre-compensation in 80, 100, and 120 km dispersion compensated links with α = 0.22 dB/km. The launch power was set to 15 dBm, resulting in nonlinear transmission. As the effective lengths of these links are quite similar, the magnitude of nonlinear phase shift in each case should be similar. A clear optimum pre-compensation is observed in all cases, changing slightly with length. The inset shows the result of a finer sweep around the predicted optima. This shows an optimal pre-compensation close to 25% for the 80 km link, 20% for 100 km, and 17% for 120 km. Fig. 8 shows EVM for signal with and without superposition versus launch power in a 100 km long link that was precompensated, symmetrically compensated or optimally compensated. It is clear that the optimal dispersion map with 20% pre-compensation provides for the best system performance in terms of mitigation of nonlinear distortions. The change in EVM Fig. 7 . EVM improvement versus pre-compensation comparing simulated output signal with and without superposition for 80, 100 and 120 km dispersion compensated links with α = 0.22 dB/km. The launch power into the SSMF was set to 15 dBm. Fig. 8 . Signal EVM with (B s ) and without (A s ) superposition versus launch power with various amount of pre-compensation in a 100 km dispersion compensated link with α = 0.22 dB/km. The cases considered are 0% (postcompensation), 20% (optimal compensation), and 50% pre-compensation (symmetric map, as per [12] ).
with varied pre-compensation in the nonlinear regime is an effect already investigated in several contexts (see e.g. [26] , [30] , [31] ).
By calculating the DCF lengths corresponding to the optimum values of pre-compensation found in Fig. 7 we find that the optimum DCF length is constant with total link length, at a value near 20 km (340 ps/nm). This then shows that for a fiber with α = 0.22 dB/km, the optimal lumped pre-dispersion that should be applied at the start of the span can be well characterized. We note that this optimal pre-dispersion "length" is close to the value of the maximum effective length of the fiber [32] , 1/α = 19.6 km.
To investigate this further, we change the value used for attenuation in the link. Dispersion map and launch power were varied for fibres with the same properties as before, but with attenuations of 0.33, 0.22, or 0.15 dB/km. The launch power was set to 13, 15, and 17 dBm to keep the product γP L eff similar for all attenuations. Over the 100 km span investigated, these attenuations provide effective lengths of 13.1, 19.6, and 28.0 km respectively. Fig. 9 shows the EVM improvement, with and without superposition, versus pre-compensation for the three different attenuations.
For the 0.15 and 0.22 dB/km cases, Fig. 9 shows that the optimal pre-dispersion scales reasonably well with the change in effective length, with optimal pre-dispersion "lengths" of 26 and 20 km respectively. The inset shows the result of a finer sweep around the predicted optima. For the 0.33 dB/km case, there is no clear optimum, but a range between 15-18 km. This does not scale quite so well as the other attenuation cases. We see that in the 0.33 dB/km case 13 km pre-compensation provide less improvement compared to 17 km pre-compensation. However, the EVM for the signal without superposition is better with 13 km pre-compensation than with 17 km pre-compensation as can be seen in Fig. 10 where we plot EVM for the signal with and without superposition versus launch power in a 100 km long link with 0.33 dB/km attenuation that was pre-compensated, optimally compensated, or pre-compensated with an amount corresponding to the effective length. As such it is not clear exactly how a link with higher propagation loss should be designed, preventing us from proposing a hard rule-of-thumb for design. Care should thus be taken in designing systems with higher propagation losses than SSMF.
In these simulations, the modulation format used is QPSK, as per [13] , [14] . Preliminary simulations with 16QAM show a wider range of pre-compensation lengths for which the EVM improvement is close to the optimum value than what is observed with QPSK. This may be due to the increased number of different phase and amplitude states providing a greater number of possible amplitude fluctuations due to ISI, which in turn may cause some different patterns to provide similar nonlinear distortions. So, even though signal and idler are dispersed differently, the resulting ISI driven nonlinear distortion may be similar.
IV. EXPERIMENTAL DEMONSTRATION
To experimentally demonstrate PSAs capability of simultaneously mitigating nonlinear distortions and improving receiver sensitivity, as well as amplifying a 16QAM signal, we carried out a single-channel, single-span transmission experiment [20] .
A. Experimental Setup
The experimental setup is shown in Fig. 11 and was based on previous demonstrations [14] , [28] . A continuous wave (CW) laser (200 kHz linewidth) at 1549.5 nm was modulated with 10 GBd 16QAM data using an IQ-modulator and then combined with a 28 dBm CW pump at 1553.7 nm using a WDM coupler. The waves were launched into the copier which consisted of two cascaded spools of highly nonlinear fiber (HNLF) and provided a net conversion efficiency of about −5 dB, generating an idler wave at 1557.5 nm. The pump wave was then attenuated for 4 dBm launch power into the SSMF using a variable optical attenuator (VOA), VOA1, and passed through an optical delay line for equalization of the optical path undertaken by the pump wave and the signal and idler waves between the copier and the PSA. The signal and idler waves were passed through an optical processor for delay and amplitude tuning. The waves were tuned so that they had the same timing and amplitude at the PSA input. The optical processor was also used for switching between phase-insensitive (PI) and PS operation by either blocking or letting through the idler wave.
After re-combining the three waves they were launched into a DCF for pre-compensation equivalent to 23.6 km of SSMF. The powers launched into the DCF were below 0 dBm for both the signal and the idler while the pump power was about 5 dBm. The signal and idler waves were then amplified by EDFA2 and attenuated by VOA2 to set the launch power into the link. The signal launch power was measured at point P in indicated in Fig. 11 . The link consisted of 105 km SSMF followed by a fiber Bragg-grating dispersion-compensating module (FBG-DCM) compensating for the remainder of the link dispersion. The total link loss was 30 dB and the dispersion map was chosen based on an optimum for efficient nonlinearity mitigation found for 10 GBd QPSK data [14] .
After the link the pump wave was recovered using a hybrid EDFA/injection-locking system [28] , before being launched into the PIA/PSA together with the signal and idler waves. The pump recovery stage also included a PLL to stabilize the relative phase between the pump and the signal and idler against thermal drift and acoustic noise introduced by splitting the pump and the signal and idler in different paths [28] . The received signal power was varied using VOA3 and measured at point P rec . Only the signal power was accounted for when measuring launch power at P in and received power at P rec . The PIA/PSA FOPA was implemented with a cascade of four HNLFs similar to the one described in [33] , and provided 19 dB net gain in PS-mode and 13.5 dB net gain in PI-mode.
The amplified signal was then filtered and passed to a preamplified coherent receiver where it was mixed with a 300 kHz linewidth local oscillator laser at 1549.5 nm in a 90
• hybrid followed by detection and sampling using balanced photodiodes and a real-time sampling oscilloscope with 16 GHz bandwidth. We use the same DD-LMS-based DSP as was used to process the output from the numerical simulations with 16QAM. However, in this case we also included a FFT-based frequency offset estimation in the DD-LMS loop [29] .
B. Experimental Results
Measured 16QAM constellations are shown in Fig. 12 . Considering first the constellations measured at the link output, we see that the signal is undistorted at 0 dBm launch power while at 11 dBm launch power it shows severe nonlinear distortion. The nonlinear distortion is evident from the SPM induced rotation of the constellation, which is clearly larger for the constellation points on the outermost ring. These constellation points also suffer from more NLPN. In this case, the signal is distorted to the point that the measured BER is close to 0.5.
The constellations at PIA and PSA output were measured with −35 dBm signal power into the PIA/PSA. At 0 dBm launch power, there is a reduction in noise for the PSA case compared to the PIA case, as is expected from the lower PSA NF. The difference between the PIA and PSA cases is even clearer when the PIA/PSA input is highly distorted (at 11 dBm launch power). The result is due to the PSA being able to correct for the SPM related phase rotation. No evident NLPN reduction can be seen in the PSA case which is due to the noise at the input of the link being dominated by amplified spontaneous emission (ASE) noise added by EDFA2 which is uncorrelated at signal and idler wavelength. A slight offset of the inner-level points toward the center can be seen in the PSA case. This is caused by the PLL, as explained in connection to Fig. 4 . In Fig. 13 we compare the PIA and PSA in terms of BER versus received power P rec for different signal launch powers P in . At 0 dBm launch power the PSA provides 5.7 dB better sensitivity than the PIA at a BER of 1 × 10 −3 . This is close to the 6 dB that we expect when signal and idler are shot noise limited at the PSA input. Increasing the signal launch power to 7 dBm no penalty can be seen for the PSA while the PIA sensitivity is degraded by about 2.4 dB at a BER of 1 × 10 −3 . Further increasing the launch power to 11 dBm a small penalty can be seen for the PSA at BERs below 1 × 10 −3 while for the PIA the BER was close to 0.5 for all received powers due to the strong nonlinear distortion. The PSA-amplified link thus allow for more than 12 dB larger link loss to reach the same BER of 1 × 10 −3 .
V. DISCUSSION
In this paper we have considered the case of single-span, single-channel transmission. In a WDM system we expect signal distortion not only from intra-channel nonlinear effects but also from inter-channel effects. The mitigation of nonlinear distortions in multi-channel PSA-amplified links has not yet been investigated. However, with the complete signal-band copied and conjugated to the idler wavelength we expect the signals and idlers to experience correlated distortions also from interchannel nonlinearities thus enabling mitigation through superposition in a PSA. In [12] mitigation of inter-channel nonlinearities was demonstrated in a related twin-wave system where the superposition of signals and conjugates was carried out after coherent detection in DSP. We do however expect that in attempting to compensate for phase distortions over a wide WDM bandwidth, that the system will be more sensitive to the precise dispersion map used for the link, which is likely to limit achievable performance improvements.
Multi-span links with in-line PSAs have thus far only been demonstrated using a degenerate idler scheme [18] . This scheme is neither WDM compatible nor modulation format independent. In a multi-span link based on the copier-PSA scheme low noise amplification and nonlinearity mitigation would take place at each PSA node, according to the principles described in this paper. Accumulation of noise would thus be reduced, as would the accumulation of signal distortions due to nonlinearity. After each amplification stage the noise on signal and idler would be correlated thus also enabling mitigation of NLPN. However, there might be other penalties associated with multi-span PSAamplified links. In particular noise accumulation on the pump through the pump recovery system could cause performance degradation at long transmission distances [28] .
The copier-PSA scheme is unique in its ability to deal with non-deterministic sources of nonlinear phase distortions, particularly NLPN. DBP cannot deal with stochastic variations, and the optical noise on the twin-waves of [12] is uncorrelated which may also hinder mitigation of NLPN. The copier-PSA scheme, however, provides correlated noise on both signal and idler, allowing for mitigation of the otherwise unpredictable NLPN.
VI. CONCLUSION
We have investigated the properties of PSA-amplified transmission links analytically, numerically, and experimentally. We presented a theory based on a transfer matrix approach explaining how PSAs can provide improved sensitivity compared to PIAs and the possibility of nonlinearity mitigation. We discussed how the properties of the noise on signal and idler impact the PSA sensitivity and nonlinearity mitigation.
By numerically simulating a single-span, single-channel PSA-amplified transmission link we demonstrated both improved OSNR, leading to improved sensitivity, and mitigation of SPM induced distortions as well as NLPN. The dependence of the efficiency for nonlinearity mitigation on the dispersion map was also investigated numerically and we found that for SSMF with a loss of 0.15 and 0.22 dB/km the optimal amount of pre-compensation is roughly equal to the effective length. For fiber with higher loss the optimum is slightly offset from the effective length.
We experimentally demonstrated transmission of a 10 GBd 16QAM signal over a PSA-amplified link and compared it with a PIA-amplified link. In the linear propagation regime, the PSAamplified link showed 5.5 dB higher sensitivity than the PIAamplified link, owing to the improved noise performance. In the nonlinear regime, the PSA is able to correct for much of the nonlinear phase rotation of the signal. This results in a recoverable signal even for large nonlinear phase shifts, that would otherwise have led to failing DSP. The combined effect of improved sensitivity and mitigation of nonlinearities allow the PSA-amplified link more than 12 dB larger link loss than a PIA-amplified to reach the same BER of 10 −3 .
